Microorganisms in ruminal ingesta and pure cultures of anaerobic ruminal bacteria of different physiological and morphological groups incorporated 14C from labeled 2-methylbutyrate during growth. The radioactivity was incorporated mainly into lipid and protein. Isoleucine was the only labeled amino acid found in acid hydrolysates of protein from either pure or mixed cultures. Radioactivity in isoleucine synthesized from 2-methylbutyrate-1-_4C was entirely in carbon-2. Thus, the carboxylation of 2-methylbutyrate is a pathway for synthesis of isoleucine different from that operative in many aerobic and facultative microorganisms. The specific activity of isoleucine from 2-methylbutyrate by Bacteroides rumminicola 23 increased with higher concentrations of 2-methylbutyrate (2.6 to 44 X 10-5 M) in the growth medium. At the highest concentration, the specific activity of isoleucine synthesized was 40% of the specific activity of the 2-methylbutyrate in the growth medium. The use of enzymatic casein hydrolysate, oxytocin, or vasopressin rather than ammonia as nitrogen source for growth of strain 23 depressed the incorporation of 2-methylbutyrate into isoleucine. Synthesis of isoleucine from 2-methylbutyrate appears to be an important reaction in the rumen.
Branched-chain, volatile fatty acids are nutritional requirements for several species of important ruminal bacteria. Rumen bacteria that require 2-methylbutyrate for growth include Methanobacterium rwninantium strain M-1 (11) and Bacteroides ruminicola strain H2b (20) . It serves as a growth factor for B. succinogenes (13) , Ruminicoccus albus (4, 25, 36) , and for nonruminal bacteria Listeria monocytogenes (28) and Treponema microdentiwn (21) , but it can be replaced with these organisms by other branchedchain acids, isobutyrate, or isovalerate.
The carbon skeletons of isobutyrate (2, 37) and isovalerate (3) were used for biosynthesis of valine and leucine, respectively, as well as for synthesis of higher branched-chain fatty acids and aldehydes. It was suggested that 2-methylbutyrate might be used to synthesize isoleucine by reactions similar to those that function to synthesize valine and leucine from isobutyrate and isovalerate, respectively (2) . Evidence for this was meager, however, before our investigation.
MATERIALS AND METHODS
Organisms and cultural conditions. Most of the pure cultures were isolated and described by Bryant and Robinson (16) . Methamobacterium omelianskii and M. ruminantium were obtained from M. P. Bryant, University of Illinois. The anaerobic culture techniques were similar to those described by Hungate (24) . The chemically defined medium contained volatile fatty acids and was essentially that of Bryant and Robinson (15) with the following modification: glucose was added at the same concentration as cellobiose, and casein hydrolysate was deleted. Maltose (0.2%) was added as an energy source for B. amylophilus. Cellobiose was deleted from the medium for growth of B. ruminicola, and methionine (3 X 10-4 M) and hemin (0.002 mg/ml) were added.
An amino acid mixture (5) was added to the medium for culture of Peptostreptococcus elsdenii. The usual culture volume was 10 ml.
Methods and media for culturing M. ruminantium were similar to those reported by Bryant (11) , with the addition of 5.78 jc (8.63 Mm) of 2-methylbutyrate-1-14C. The culture volume was 5 ml. The medium used to culture M. omelianskii was a modification of that described by Wolin et al. (38) . It contained minerals, B-vitamins (14) , FeSO4 (0.2 mg/ml), Na2S-9H20 (25 mg/100 ml), ethyl alcohol (0.6%, v/v), clarified rumen fluid (5%), and 2-methylbutyrate-1-14C (5.27 ,c). The culture (10 ml) was grown under a gas phase of CO2 at 39 C.
Isovalerate, isobutyrate, and n-valerate were deleted from the basal medium used in studies on the effect of 2-methylbutyrate concentration and on the effect of peptides on isoleucine synthesis from 2-methylbutyrate by B. ruminicola. Peptide nitrogen was supplied at a concentration of 8 X 103 M, and Na2SO4 replaced (NH4)2SO4 in the medium. Chromatography. Amino acids were separated by descending paper chromatography with the butyl alcohol solvent system, buffered at pH 9, and the benzyl alcohol-butyl alcohol solvent system, buffered at pH 8.4, described by McFarren (29) . Both systems separated isoleucine from leucine. Radioactive areas on paper chromatograms were located by preparing radioautographs or by use of a windowless gas-flow paper strip scanner. Isoleucine in eluates from paper chromatograms was measured by the method of Rosen (33) . The specific activity of 2-methylbutyrate was not measured directly, but was calculated from the value given by the supplier.
Isoleucine degradation. The position of l<: in isoleucine was determined by stepwise degradation. Unlabeled isoleucine (500 ,umoles) was added to isoleucine (0.265 IAmoles) isolated from hydrolyzed protein. Carbon-1 was removed with ninhydrin (34) and was trapped in NaOH and counted as a BaCO3 suspension in the liquid scintillation counter (19) . The 2-methylbutyraldehyde formed was trapped in 5 M CrO3 in 25% (v/v) H2SO4 and oxidized directly to 2-methylbutyric acid (22) . The 2-methylbutyric acid was recovered by steam distillation and chromatographed on paper with butyl alcohol saturated with 1.5 N NH40H (9) . The RF of the radioactive areas coincided with the RF of known 2-methylbutyric acid. The radioactive material was eluted, combined with carrier unlabeled 2-methylbutyrate (0.5 mmoles), and decarboxylated by the Schmidt reaction (30 RESULTS When 2-methylbutyrate-1-14C was added to whole or coarsely strained ruminal contents and these were incubated anaerobically, radioactivity was incorporated into particulate matter, presumably into microbial cells (Fig. 1 ). Incorporation of radioactivity was more difficult to measure accurately with the whole ruminal contents because of difficulties in obtaining representative samples. The distribution of 14C in fractions obtained after incubation of strained ruminal contents with 2-methylbutyrate-1-14C is given in Table 1 . The cold trichloroacetic acid extract, which probably contained unmetabolized 2-methylbutyrate, was not examined. The hot trichloroacetic acid precipitates were hydrolyzed, and amino acids were separated by paper chromatography. The labeled carbon was all in isoleucine.
The distribution of radioactivity in cell fractions of several pure cultures of rumen bacteria grown in media containing 2-methylbutyrate-1-14C is given in When M. omelianskii was grown in a medium containing 2-methylbutyrate-1-14C (7.5 x 10-4 M), radioactivity was incorporated into cells and isoleucine was the only labeled amino acid found in a hydrolysate of the cellular protein. B. rwninicola strain 23 and P. elsdenii also incorporated '"C from uniformly labeled 2-methylbutyrate into isoleucine. The distribution of radioactivity in cell fractions of B. ruminicola and P. elsdenii was similar to the distribution of radioactivity found when carboxyl-labeled 2-methylbutyrate was used.
Acid hydrolysates of hot trichloroacetic acidprecipitated fractions that contained sufficient 14C for analysis (not strains B-4, 7, or S-85; Table 2 ) were chromatographed on paper with several different solvent systems; in all cases, the only 14C detected migrated with isoleucine. The results obtained by degradation of isoleucine biosynthesized from 2-methylbutyrate-1-14C by B. rwninicola strain 23 are given in Table 3 . A negligible amount of '4C was recovered from the carboxyl carbon obtained by the ninhydrin reaction. Carbon-2 from the Schmidt degradation was labeled; carbons 3-6 in sec-butylamine were not radioactive. Although recoveries of labeled (17) . We do not know which of these organisms utilized 2-methylbutyrate, but in view of the data which showed that M. rwninantium utilized 2-methylbutyrate, we suggest that it was the methane-synthesizing organism in the symbiotic association which utilized 2-methylbutyrate.
The strains of ruminal bacteria tested were selected as representative of taxonomic groups thought to be among those most important and numerous in the rumen. These varied widely in their ability to incorporate 2-methylbutyrate-1-14C into cell materials and in the distribution of radioactivity in cell fractions. Organisms that utilized 2-methylbutyrate for synthesis of either isoleucine or lipids, or both, are among the more important ruminal species and represent a wide variety of morphological (cocci, rods, and spirochetes) and physiological (cellulolytic, amylolytic, proteolytic, and methanogenic) groups.
Some of the pure cultures incorporated labeled 2-methylbutyrate primarily into isoleucine, but more of these strains incorporated a larger amount into lipid than into proteins. Since more '4C was incorporated into isoleucine than into lipid in mixed cultures of ruminal microbes, these cultures may have contained higher num- a Final concentration of nitrogen was calculated to be 8 X 10-3 M. b OD was measured at 600 nm in 18-mm tubes. Values are expressed as OD X 100.
bers of organisms that use 2-methylbutyrate mainly for synthesis of the amino acid.
Holler, Harmeyer, and Engelhardt (23) found that when Na214CO3 was added to the rumen of a goat, the specific activity of aspartic acid from both protozoa and bacteria was higher than that of any other amino acid. Isoleucine was the next most highly labeled amino acid in hydrolysates from the ruminal bacteria; however, in hydrolysates from the protozoa, serine, alanine, and several other amino acids contained more 'IC than did isoleucine. Since four of the carbons of isoleucine arise directly from threonine in the usual pathway of biosynthesis, one might expect isoleucine and threonine to have similar specific activities. This was true with the hydrolysate of the ruminal protozoa and was also the case when Escherichia coli was grown in labeled carbonate (32) . Since the specific activity of isoleucine after growth of rumen bacteria in Na214CO3 was appreciably higher than that of threonine (23) , it seems likely this is partially due to synthesis of isoleucine by carboxylation of 2-methylbutyrate. Since isoleucine synthesized from 2-methylbutyrate-1-14C was labeled in carbon-2, it is suggested that the intact 2-methylbutyrate molecule was utilized. The carboxylation reaction which must occur is presumably similar to reactions operative in synthesis of leucine from isovalerate (3) , of valine from isobutyrate (2), of phenylalanine from phenylacetate (1), and of tryptophan from indoleacetate (6) . The mechanism for this reaction is not known, but it is probably a reductive carboxylation reaction similar to the pyruvate synthase system demonstrated in several anaerobic microbes (5, 8, 18 We suggest that an important function of 2-methylbutyrate is as a precursor of higher branched-chain fatty acids or aldehydes. The significance of these higher branched-chain acids is not known, but the probable influence of branched-chain acids on orientation of lipid molecules and on membrane function has been discussed (26) .
Growth of B. ruminicola strain 23 was stimulated by a mixture of volatile fatty acids including 2-methylbutyrate (16), but these acids were not essential. In our study, we also found that this organism grew well when acetate was the only volatile acid added to the medium. The organism is thus able to synthesize its branched-chain carbon compounds, including isoleucine. This is substantiated by the results of J. E. Kunsman, Jr. (Ph.D. Thesis, Univ. of Maryland, College Park, 1966) who found that 15-carbon branchedchain iso-and anteiso-acids were major components of cellular lipids, even when acetate was the only volatile acid in the medium.
Measurements of the specific activity of isoleucine synthesized during growth in a medium containing 2-methylbutyrate-1-'4C demonstrated that utilization of 2-methylbutyrate increased with higher concentrations of the acid in the medium. Extrapolation from the data in Fig. 2 greater than 4.5 x 10-4 M, the specific activity of isoleucine would be further increased and more than 40% of the isoleucine molecules would be synthesized from 2-methylbutyrate. Based upon measurements in Table 2 , several other ruminal bacteria exceed B. ruminicola in the extent of utilization of 2-methylbutyrate molecules for isoleucine biosynthesis.
Extensive incorporation of 2-methylbutyrate into isoleucine suggests that 2-methylbutyrate is an intermediate in the major pathway of isoleucine biosynthesis or that it or a product from it activates a control mechanism to inhibit some other pathway of isoleucine biosynthesis. The latter explanation seems more probable. If the pathway that has been described in other microorganisms is functional, 2-methylbutyrate is not an intermediate, but isoleucine synthesized from 2-methylbutyrate could exert feedback control (35) .
B. ruminicola utilized nitrogen from ammonia or peptides, but not from free amino acids. Proline in peptides was incorporated into cellular protein, but free proline was not (31) . Incorporation of 2-methylbutyrate into both protein and lipid fractions of the cells was inhibited when enzymatic casein hydrolysate rather than ammonia was used as the nitrogen source in the culture medium (Table 5 ). This finding suggests that isoleucine from casein peptides is utilized in preference to biosynthesis from 2-methylbutyrate, and that biosynthesis from 2-methylbutyrate is also subject to end-product control.
It should be pointed out that the 2-methylbutyrate-1-'4C used was chemically synthesized and was a racemate of dextrorotatory and levorotatory enantiomers. The dextrorotatory form of this acid is the form present in the rumen (7) and is probably the enantiomer used for synthesis of isoleucine. This fact should also be considered with calculations of percentage incorporation of 2-methylbutyrate. Thus, the measured incorporation of 25 to 44% of the total 14C in 2-methylbutyrate may actually indicate incorporation of 50 to 88% of the d-enantiomer present in the medium (Table 4) .
The concentration of 2-methylbutyrate in the rumen varies considerably with the ration fed and with time after feeding, but levels from 1 to 30 x 10-M of the dextrorotatory form have been measured (7) . The 2-methylbutyrate concentration in the natural environment of ruminal organisms is thus high enough to suggest that the acid may have a quantitatively important role in biosynthesis.
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